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Singlet–triplet excitation spectrum of the CO–He complex.
II. Photodissociation and bound-free COa 3P]X 1S¿ transitions
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Institute of Theoretical Chemistry, NSRIM, University of Nijmegen, Toernooiveld 1, 6525 ED Nijmegen,
The Netherlands
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The dissociating states of the triplet–excited CO–He complex are studied by means of scattering
calculations on ab initio diabatic potential energy surfaces produced in the preceding paper ~Paper
I!. With the aid of an effective transition dipole function and the bound states of the CO–He
complex in the ground singlet state we obtain the photoabsorption cross section as a function of the
excitation energy and generate the full UV spectrum of the singlet–triplet transition. It was found
that the dominant contributions to the spectrum, in the energy range from 25 to 110 cm21 relative
to the band origin at 48 473.201 cm21, originate from resonances that correspond to higher spin–
orbit levels of the excited CO(a 3P) – He complex with approximate quantum number uVu51.
Rapid predissociation, with the triplet CO fragment decaying into its lower spin–orbit levels with
V50, limits the lifetime of these excited levels to, typically, 10–700 ps. We also predict the
rotational and spin–orbit state distribution of the triplet CO fragment and the maximum deflection
angle of the photodissociation products in a molecular beam experiment. © 2003 American
Institute of Physics. @DOI: 10.1063/1.1577335#
I. INTRODUCTION
The triplet (a 3P) excited CO molecule is an interesting
metastable species which has received considerable
attention.1–5 It can be cooled by electrostatic deceleration6 of
an already cold molecular beam and it lives sufficiently long
to be used in scattering experiments.7,8 In the preceding
paper9 ~Paper I! we studied the complexation of CO(a 3P)
with a He atom. The presence of this He atom lifts the spatial
degeneracy of the CO(a 3P) state and splits it into an A8
state and an A9 state. These states are even and odd, respec-
tively, under reflection in the plane of the nuclei. We com-
puted the adiabatic potential surfaces of CO(a 3P) – He that
correspond to these A8 and A9 symmetries by the spin-
restricted coupled cluster method with single and double ex-
citations and perturbative triples @RCCSD~T!#. Nonadiabatic
coupling is important, because these surfaces are degenerate
for linear geometries, and we constructed two diabatic poten-
tial surfaces. After making an analytic fit of these diabatic
potentials we computed the bound levels of the triplet ex-
cited CO–He complex by a variational method, with the in-
clusion of the spin–orbit and spin–spin couplings.
We also wanted to compute the UV spectrum that corre-
sponds to the singlet–triplet transition in the CO–He com-
plex, but it turned out that for most of the excited upper
levels it was impossible to converge the variational bound
state calculations. From experimentation with the radial basis
we learned that this problem was probably due to a fast dis-
sociative decay of the upper levels, on a time scale that is
much shorter than de-excitation of the CO(a 3P) monomer
to its ground singlet (X 1S1) state. This rapid decay is not
caused by the effect that the presence of the He atom accel-
erates the triplet–singlet de-excitation process, but originates
from a completely different mechanism: spin–orbit predisso-
ciation. In order to understand this mechanism one should
know that the triplet excited CO molecule is a typical Hund’s
case ~a! species with three series of 3PV levels, character-
ized by the quantum numbers uVu50, 1, and 2, and split by
spin–orbit coupling by approximately 40 cm21. The quan-
tum number V is the projection of the total electronic ~orbital
plus spin! angular momentum l1S of CO(a 3P) on the CO
bond axis and, simultaneously, the axial component of the
total angular momentum J of CO. The spin-forbidden a 3P
←X 1S1 transition in CO becomes weakly allowed by some
admixture of the singlet A 1P state into the excited triplet
a 3P state, caused by spin–orbit coupling, combined with
the fact that the A 1P←X 1S1 transition is an allowed ~per-
pendicular! transition. Only the CO(3PV) levels with V
561 would be excited by this transition if V were an exact
quantum number, but for J.0 it is not. Still, for low J the
transitions to the 3P61 levels are by far the most intense.
These levels are higher in energy than the 3P0 levels by
about 40 cm21 and, since the binding energy D0 of the
CO(a 3P) – He complex is only about 8 cm21, they can de-
cay into CO(3P0) and He. This process is called spin–orbit
predissociation; the CO fragments produced by it are still in
their metastable triplet state, in the lowest spin–orbit com-
ponent.
In the present paper ~Paper II! we study this process by
means of coupled-channel calculations with photodissocia-
tion boundary conditions. These calculations include both
diabatic states of CO(a 3P) – He simultaneously, and they
also include the spin–orbit, spin–spin, an L-doubling terms
in the Hamiltonian of Paper I. From the bound levels of
ground state CO(X 1S1) – He ~see also Paper I! and the con-
tinuum states obtained from the coupled-channel calculations
we compute the photodissociation cross sections. An effec-
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tive transition dipole function for the spin-forbidden a 3P
←X 1S1 transition was constructed in Paper I. From the
widths of the resonances in the photodissociation cross sec-
tion we extract the lifetimes of the excited upper levels. The
partial cross sections yield the distributions of the CO(3P)
fragments over the rotation (J), spin–orbit ~V!, and parity
~e! levels. Finally, we generate the full UV absorption spec-
trum and suggest how the presence of the excited
CO(a 3P) – He complex can be detected even though it un-
dergoes rapid predissociation.
II. PHOTODISSOCIATION CALCULATIONS
A. Coupled-channel formalism
The CO monomer was considered as a rigid rotor with
bond length re52.132 a0 for the ground X 1S1 state and
re52.279 a0 for the triplet excited a 3P state. The Hamil-
tonian of the CO(a 3P) – He complex is given by Eq. ~12! of
Paper I with the diabatic potentials V1,1(R ,u) and
V1,21(R ,u) related to the ab initio computed adiabatic A8
and A9 potentials by Eq. ~4! of Paper I. The coordinate R is
the length of the vector R from the CO center of mass to the
He nucleus and u is the angle between the CO bond axis and
the vector R.
The parity-adapted Hund’s case ~a! basis for the CO
monomer is given by
uuLu,S ,V ,J ,M J ,e&5221/2@ uL ,S ,V ,J ,M J&
1e~21 !J2Su2L ,S ,2V ,J ,M J&] ~1!
and defined more in detail by Eqs. ~13! and ~14! of Paper I.
The total angular momentum quantum numbers J and V
were already defined in the Introduction and e is the parity
under inversion. The electronic orbital angular momentum
uLu equals 1 for the a 3P state and the spin S equals 1 as
well, so we can introduce the shorthand notation
uV ,J ,M J ,e&[uuLu,S ,V ,J ,M J ,e&. The CO monomer
Hamiltonian Hˆ CO is defined by Eq. ~10! of Paper I. The exact
eigenfunctions of this Hamiltonian can be written as
uk ,J ,M J ,e&5(
V
uV ,J ,M J ,e&aV ,k
J
. ~2!
The corresponding energies are EkJe . This implies that V is
not an exact quantum number except for J50.
For the CO(a 3P) – He complex we couple the CO
monomer basis of Eq. ~1! to a set of spherical harmonics
uL ,M L&5Y L ,ML(b ,a) that describe the end-over-end rota-
tion of the CO–He complex;
uV ,J ,L&F ,MF ,p[uuLu,S ,V ,J ,L ,F ,M F ,p&
5 (
MJML
uuLu,S ,V ,J ,M J ,e&uLM L&
3^JM J ;LM LuFM F&. ~3!
The operator Lˆ represents the angular momentum associated
with the end-over-end rotation and ~b,a! are the polar angles
of R with respect to a space-fixed ~SF! frame. The coupled
functions, with the Clebsch–Gordan coefficients
^JM J ;LM LuFM F&,10 are eigenfunctions of Fˆ 2 and Fˆ 5Jˆ
1Lˆ is the total angular momentum operator. The quantum
number F and its SF component M F are exact quantum num-
bers. Also the parity p which is related to the parity e of the
monomer functions by p5e(21)L is an exact quantum
number. This is the same basis as used in Paper I, cf. Eq.
~15!, with the exclusion of the radial functions un& .
Scattering wave functions for the CO(a 3P) – He com-
plex for given energy E can be expanded in terms of the
channel basis functions of Eq. ~3! as
uk ,J ,L;E&F ,MF ,p5 (
V8J8L8
uV8,J8,L8&F ,MF ,pR21
3xV8,J8,L8
k ,J ,L
~R;E !. ~4!
The exact quantum numbers F ,p are omitted from the nota-
tion of the radial expansion functions xV ,J ,L
k ,J ,L (R;E). Note that
the upper label of these functions corresponds to their
asymptotic behavior for R→‘ . It refers to the exact eigen-
states uk ,J ,e& of the CO monomer with e5p(21)L, rather
than to the monomer basis functions uV ,J ,e& .
The expansion functions xV8,J8,L8
k ,J ,L (R;E) satisfy the stan-
dard coupled-channel ~CC! equations,
2
d2xV8,J8,L8
k ,J ,L
~R;E !
dR2 5 (V9J9L9
WV8,J8,L8;V9,J9,L9~R !
3xV9,J9,L9
k ,J ,L
~R;E !, ~5!
where WV8,J8,L8;V9,J9,L9(R) are the matrix elements of the
operator,
Wˆ ~R ,u!5
2m
\2 S E2Hˆ CO2 Lˆ 22mR2
2 (
L1 ,L2
uL1&VL1 ,L2~R ,u!^L2u D ~6!
over the basis functions of Eq. ~3! and m is the reduced mass
of the complex. The exact quantum numbers F and p are
TABLE I. Bound energy levels (cm21) of the ground state CO(X 1S) – He
complex; comparison between variational ~Paper I! and scattering calcula-
tions.
Quantum numbers Variational Scattering
F p J L Energy Population Energy Population
0 1 0 0 25.9742 91.16% 25.9748 91.17%
0 1 1 1 20.7161 76.22% 20.7502 71.43%
1 1 1 1 21.6978 97.07% 21.6990 97.07%
2 1 0 2 24.2987 90.44% 24.2996 90.45%
2 1 1 1 21.2728 86.09% 21.2759 85.93%
4 1 0 4 20.5635 90.33% 20.5724 90.53%
1 2 0 1 25.4115 90.90% 25.4121 90.90%
1 2 1 0 21.9781 85.99% 21.9798 85.96%
1 2 1 2 fl fl 20.0984 52.97%a
2 2 1 2 20.5498 97.25% 20.5513 97.25%
3 2 0 3 22.6645 90.03% 22.6664 90.07%
3 2 1 2 20.1154 85.62% 20.1242 84.42%
aThis state contains also 43.67% of (J ,L)5(0,1) character.
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again omitted from the notation. The W matrix elements are
computed with the aid of Eqs. ~16! and ~17! of Paper I. The
diabatic potentials VL1 ,L2(R ,u) with L1 ,L2561 are also
described in Paper I. Usually, in the CC method one uses the
eigenstates of the monomers as channel functions in the scat-
tering problem. Here, we kept the Hund’s case ~a! basis
uV ,J ,L& in the propagation because the calculation of the W
matrix and the dipole transition matrix is more straightfor-
ward. Note that Hˆ CO is not diagonal in this basis.
The boundary conditions for photodissociation are the
reverse of the usual scattering boundary conditions.11 The
asymptotic form of the expansion functions for R→‘ is
xk8,J8,L8
k ,J ,L
~R;E !5vk8,J8,L8~R;E !dkk8dJJ8dLL8
2uk8,J8,L8~R;E !~Sk8,J8,L8
k ,J ,L
!*, ~7!
where v represents the outgoing waves, u the incoming
waves, and S the S matrix. The expansion functions should
be regular solutions of the coupled equations, i.e.,
xk8,J8,L8
k ,J ,L (R50;E)50 and
vk ,J ,L~R;E !51iAkkJem2p\2RhL(1)~kkJeR !,
uk ,J ,L~R;E !52iAkkJem2p\2RhL(2)~kkJeR !, ~8!
where hL
(1)(kkJeR) and hL(2)(kkJeR) are modified spherical
Bessel functions of the first and second kind, respectively,
EkJe are the exact energy levels of the free CO monomer,
and kkJe5A2m(E2EkJe)/\2. The prefactor AkkJem/2p\2
originates from the energy normalization of the wave func-
tions. All open channels (EkJe,E) and the closed channels
(EkJe.E) with J up to a given value Jmax were included in
the calculation.
The incoming and outgoing waves u and v and the radial
expansion functions in Eq. ~7! correspond to the exact CO
eigenstates uk ,J ,e& rather than to the Hund’s case ~a! basis
uV ,J ,e& used in the propagation. Therefore, a transformation
of the boundary conditions was included in the procedure to
compute the S matrix at the end of the propagation. The
elements of the required transformation matrix are the eigen-
vector coefficients aV ,k
J in Eq. ~2!.
B. Matching procedure for bound states
In order to calculate the radial integrals in the expression
of the photodissociation cross section ~see below! it is nec-
essary to compute the bound wavefunctions of ground state
CO(X 1S1) – He on the same radial grid as the scattering
functions of CO(a 3P) – He. These bound wave functions
were calculated variationally in Paper I, and it would be easy
to evaluate them on a grid. As an additional check of the
convergence of the variational calculations we found it use-
ful, however, to recompute the bound levels with our scatter-
ing program. Methods to obtain bound states from a scatter-
ing propagation procedure have been known for a long
time.12–15
The angular basis for ground state CO(X 1S1) – He is
given in principle by Eq. ~3!, but it is much simpler than the
basis for the triplet state since L5S5S5V50 in the
ground state. We denote the basis by uJ ,L ,F ,M F ,p& or, for
given F ,M F ,p , by the shorthand notation uJ ,L&. It is parity-
adapted automatically with parity p5(21)J1L. The bound
state wave functions are
ub&5(
J ,L
uJ ,L&R21 f J ,L~R !. ~9!
The radial expansion functions f J ,L(R), put into a column
vector f(R) with components labeled by (J ,L), and the cor-
responding eigenvalues Eb are obtained from a matching
procedure that we now briefly describe.
In the renormalized Numerov method applied in our
scattering program one propagates matrices Qn outward on a
grid Rn ;n51,.. . ,N . These matrices Qn are defined by
f~Rn!5Qn11f~Rn11!, ~10!
and the condition that the radial wave functions f(R) are
regular, i.e., that they vanish for R→0. Since the bound state
wave functions must also go to zero for R→‘ we define
another set of matrices Q˜ n by
f˜~Rn11!5Q˜ nf˜~Rn! ~11!
with functions f˜(Rn) that vanish for R→‘ . The inward
propagation of Q˜ n is analogous to the scattering calculation,
but is started at a value of R where the bound state wave
functions may be assumed to be negligibly small. The func-
tions f(R) and f˜(R) match only when the scattering energy E
is equal to the energy Eb of one of the ~discrete! bound
levels. Numerically this is achieved by setting f˜(Rn)
5f(Rn) and finding a zero of the norm,
i f˜~Rn11!2f~Rn11!i5i~Q˜ n2~Qn11!21!f~Rn!i . ~12!
We impose the additional condition that the bound state
wave functions ub& are normalized, i.e.,
^bub&5D(
i51
N
fT~Ri!f~Ri!51, ~13!
where D is the step size in the propagation. This condition
ensures that f(Rn) cannot be zero since the wave functions
f(Ri) for all Ri are linearly related to the wave function
f(Rn)5 f˜(Rn) at the matching point by
f~Ri!5Aif~Rn!, ~14!
with An51 and Ai defined by the recursion relations
Ai215QiAi for i<n ,
~15!
Ai115Q˜ iAi for i>n .
These relations follow directly from Eqs. ~10! and ~11!. After
substitution of Eq. ~14! the normalization condition, Eq.
~13!, can be written as
fT~Rn!Bf~Rn!51 ~16!
with
B5D(
i51
N
Ai
TAi . ~17!
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The matrix B, Eqs. ~17! and ~15!, is computed from the
matrices Qj and Q˜ j at the end of the propagation. We define
x5B1/2f~Rn! and C5~Q˜ n2~Qn11!21!B21/2 ~18!
in order to rewrite Eqs. ~12! and ~16! as
i f˜~Rn11!2f~Rn11!i5iCxi with ixi51. ~19!
The minimum of iCxi /ixi over all x is known as the small-
est singular value of the matrix C, as obtained from a singu-
lar value decomposition ~SVD! ~Ref. 16! of this matrix. We
start with an appropriate set of trial energies and consider the
smallest singular value as shown in Fig. 1, for example. The
energies where the zeros occur, i.e., the bound state energies
Eb , are found by linear extrapolation. The accuracy can be
improved by iteration, but it turned out that this was not
necessary in most cases. The corresponding wave functions
ub& are obtained from propagation at the energies Eb .
C. Photodissociation cross sections
In order to predict the results of future measurements we
calculated partial and total photodissociation cross sections
and product state distributions. These cross sections are used
to generate a theoretical UV absorption spectrum for the
singlet–triplet transition in CO–He.
The partial photodissociation cross section for a transi-
tion from bound state ub ,F ,M F ,p& of energy Eb
F ,p to a dis-
sociating state of energy E with the CO fragment in state
uk ,J ,e& is11
sk ,J ,e←b ,F ,p~E !
5
pv
ce0
(
F8MF8LMF
uF8,MF8 ,p8^k ,J ,L;Euemˆub ,F ,M F ,p&u2,
~20!
where v5(E2EbF ,p)/\ is the frequency, e the direction of
the electric field vector of the laser beam, c the velocity of
light, and e0 the vacuum dielectric constant. The scattering
wave functions uk ,J ,L;E&F8,MF8 ,p8 are defined in Eq. ~4!. The
matrix elements of the effective dipole moment operator mˆ
over the basis of Eq. ~3! and the corresponding selection
rules are given in Paper I, Eq. ~20!. For given parity p of the
initial bound state the parity p8 of the scattering state must
be opposite to p . The parity e of the triplet CO dissociation
fragment can be even or odd, because of the relation p
5e(21)L and the summation over L occurring in the cross
section.
The total photodissociation cross section is a sum over
the partial cross sections
sb ,F ,p~E !5 (
k ,J ,e
sk ,J ,e←b ,F ,p~E !. ~21!
The singlet–triplet UV absorption spectrum at a given tem-
perature T is obtained by taking a Boltzmann distribution
over the initial states ub ,F ,p&,
s~v!5 (
b ,F ,p
E
E
dEd~E2Eb
F ,p2\v!
3sb ,F ,p~E !
exp~2Eb
F ,p/kT !
Z , ~22!
where Z5(b ,F ,p(2F11)exp(2EbF,p/kT) is the partition func-
tion.
The CO product distribution or branching ratio that cor-
responds to a specific transition E←EbF ,p is given by the
ratio of the partial and total cross sections
Pb ,F ,p~kJe;E !5
sk ,J ,e←b ,F ,p~E !
sb ,F ,p~E !
. ~23!
The measured branching ratio at a given spectral frequency
v can be obtained again from Boltzmann averaging over the
initial states ub ,F ,p& , cf. Eq. ~22!.
III. COMPUTATIONAL DETAILS
Both for the bound and scattering states we used the
renormalized Numerov propagation method described in
Refs. 13 and 14. The advantage of this algorithm is that it
makes it easy to generate the scattering wave functions,
which was essential in the calculation of the photodissocia-
tion cross sections. We propagated on a grid that ranges from
R53.5 to 50 a0 with a step size of 0.1373 a0 . The tails of
the bound state wave functions vanish between 20 and
30 a0 .
The angular basis set includes values of J up to Jmax
58 with L running according to the triangular rule from uF
2Ju to F1J . F , which is a good quantum number, was
fixed at values of 0, 1, 2, 3, 4, 5. At the chosen temperature
of 5 K only the ground state levels with F up to 4 have a
non-negligible population and the selection rules allow tran-
sitions with DF521, 0, and 1.
The ground state wave functions and energies were ob-
tained by the matching procedure described in Sec. II B and
illustrated in Fig. 1, with a set of trial energies ranging from
28 to 0 cm21 in steps of 0.25 cm21. This choice was based
on the knowledge from the variational calculations presented
in Paper I. The matching point was chosen at R57 a0 ,
which is close to Re .
FIG. 1. Smallest singular value of the matrix C in Eq. ~18! for F50 vs
the trial energy. Linear extrapolation gives the bound state energies E1
525.9748 cm21 and E2520.7502 cm21.
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The radial integrations in the transition dipole matrix
elements occurring in the photodissociation cross sections,
see Eq. ~20!, were performed directly during the propagation
procedure. At the end of the propagation when the S matrix
was determined the integrals were transformed to the correct
S-matrix boundary conditions for the scattering wave func-
tions, see Sec. II A.
The energy level structure of CO(a 3P) is dominated by
the spin–orbit splitting, which leads to a set of levels with
V50 starting at 241.45 cm21, a set of levels with uVu
51 starting at zero energy, and a set of levels with uVu52
starting at 141.45 cm21. Here, the zero of energy corre-
sponds to the energy of the CO(a 3P) state calculated with-
out spin–orbit coupling. Hence, the continuum of
CO(a 3P) – He starts at the V50 dissociation limit. The
photodissociation cross sections were computed for a set of
energies E ranging from 241.45 to 160 cm21 with a step
size of 0.01 cm21.
IV. DISCUSSION
Table I shows the results of the matching calculation for
the CO(X 1S1) – He bound states, compared to the results of
the variational calculations performed in Paper I. The first
four columns of the table contain the exact (F ,p) and ap-
proximate (J ,L) quantum numbers defining the character of
these bound states. The populations of the J ,L components
indicated are given in columns 6 and 8. It is clear from these
results that the results of the variational calculations are well
reproduced by the scattering calculations with the matching
procedure. The largest discrepancies occur for levels close to
the dissociation limit; the scattering calculations are more
accurate in this case.
Figure 2 displays the spectrum of the a 3P←X 1S1
transition in CO–He calculated at 5 K. The band origin of
this transition in free CO is 48 473.201 cm21. The energy in
this figure is set to zero at this band origin. The spectrum
exhibits clearly the three different regions corresponding to
the spin–orbit manifolds of free CO(a 3P): around
240 cm21 for V50, around zero for uVu51, and around
140 cm21 for uVu52. This is illustrated by the schematic
diagram in Fig. 6 of Paper I. It is clear from Fig. 2 that most
of the intensity goes into the excited levels with uVu51. We
explained already that this is related to the mechanism which
makes the singlet–triplet transition ~weakly! allowed: the
CO(a 3P) state has some admixture of the A 1P state and
the A 1P←X 1S1 ~perpendicular! transition is allowed. It is
the uVu51 component of the a 3P state that mixes with the
~purely uVu51) A 1P state and becomes excited. The fact
that also the V50 and uVu52 levels receive a small amount
of intensity is due to the property that V is not an exact
quantum number for J.0 even in free CO(a 3P).
Figure 3 shows the intense region of the spectrum that
corresponds to the upper levels with uVu51. From Fig. 3~a!,
which presents the overall structure, it is clear that the spec-
FIG. 3. Region of the spectrum corresponding to the excited spin–orbit
levels with uVu51 ~a!, with more detail given in ~b!. Labeled peaks are
specified in Table II.
FIG. 2. UV absorption spectrum of the CO(a 3P←X 1S) – He transition for
a temperature of 5 K. Energy zero corresponds to the band origin at
48 473.201 cm21. The intensity is in units of 0.01(m’trans)2/cm21, see Paper
I.
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trum in this region is quite complicated. Figure 3~b! which
zooms in on part of this region shows the underlying peaks
that are responsible for this complicated structure. The indi-
vidual peaks ~dashed lines! are the contributions of different
F8←F transitions, to which we can assign all quantum num-
bers and energies of the initial and final states in the com-
plex. In the same manner, Figs. 4~a! and 4~b! present details
of the regions in the spectrum that correspond to the upper
levels with V50 and uV52u, respectively.
In Figs. 2 and 4~a! one can observe both discrete bound–
bound transitions and bound-free resonances; the bound–
bound transitions are represented by sticks. The upper levels
in these bound–bound transitions are the levels with V50 in
the potential well of CO(a 3P) – He that have insufficient
energy to dissociate. Remember that the zero-point level of
CO(a 3P) – He lies at 248.29 cm21 ~see Table IV of Paper
I!, while the V50 dissociation limit is at 241.45 cm21.
The intensities of these discrete lines were obtained from the
oscillator strengths in Paper I and the same Boltzmann aver-
aging procedure as used for the bound-free transitions. The
heights of the sticks that mark these bound–bound transi-
tions in Fig. 2 were computed by a formula from Refs. 17
and 18,
a~v!5
2pv
3c2 r~E f ! S~ f←i !
exp~2Ei /kT !
Z . ~24!
This formula ensures that the intensities of bound–bound
and bound-free transitions join smoothly at the dissociation
limit; a~v! represents the equivalent cross section of the
bound–bound f←i transition, v5(E f2Ei)/\ , c is the ve-
locity of light ~in atomic units!, r(E f) is the energy density
just below the dissociation limit, and S( f←i) is the dipole
oscillator strength defined in Eq. ~21! of Paper I. The density
r(E f) was calculated by taking into account the highest 10
nondissociating states ~see Table III of Paper I!. They range
from 243.85 to 242.12 cm21 which gives a density
r(E f)55.78/cm21. The excited state dissociation threshold
lies at 241.45 cm21, but the transition from bound–bound
to bound-free transitions in the spectrum of Fig. 2 ~around
240 cm21) is blurred by the Boltzmann averaging over the
initial bound states. The main peaks in the spectra are labeled
and the corresponding transitions are reported in Tables II
and III.
Table II presents for each of the peaks labeled in the
figures ~labels in the first column!: the transition frequency v
~column 2!, the quantum numbers of the initial state ~column
3!, the quantum numbers (F8,p8), energy E , and lifetime of
the excited scattering state ~columns 4, 5, and 6!, and the
relative intensity of the specified transition at this frequency
~column 7!. The latter quantity gives an indication of the
contribution of the smooth continuum background and of the
different transitions that can possibly occur at this frequency
~see peaks 9 and 10, for example!. The excited state lifetimes
FIG. 4. Regions of the spectrum corresponding to the excited spin–orbit
levels with V50 ~a! and uVu52 ~b!. Labeled peaks are specified in Table
II.
TABLE II. Peaks in the UV spectrum: transition frequencies v, initial and
final state quantum numbers, final state energy E , lifetime t, and relative
contribution of the transition to the intensity at frequency v.
Peak v (cm21) (Fi ,pi ,Ji ,Li) (F f ,p f) E (cm21) t ~ps! %
1 48 436.75 (1,2 ,1,0) (2,1) 238.4354 100.42 92.45
2 48 436.86 (2,1 ,1,1) (3,2) 237.6211 711.81 97.69
3 48 437.27 (3,2 ,1,2) (4,1) 236.0539 42.20 83.25
4 48 470.76 (1,2 ,1,0) (1,1) 24.4188 38.66 85.52
5 48 470.99 (2,1 ,1,1) (2,2) 23.4823 40.06 87.86
6 48 471.32 (3,2 ,1,2) (3,1) 22.0055 42.04 81.65
7 48 471.42 (1,1 ,1,1) (2,2) 23.4821 40.08 50.20
8 48 471.75 (2,2 ,1,2) (3,1) 22.0053 42.27 85.42
9 48 473.77 (4,1 ,0,4) (4,2) 20.0036 43.13 34.56
10 48 473.77 (2,1 ,0,2) (1,2) 23.7272 28.14 21.14
11 48 473.86 (3,2 ,0,3) (3,1) 22.0025 41.39 52.38
12 48 474.02 (2,1 ,0,2) (2,2) 23.4800 38.93 54.84
13 48 474.20 (1,2 ,0,1) (1,1) 24.4171 32.16 46.29
14 48 475.09 (1,2 ,0,1) (1,1) 23.5214 24.08 53.90
15 48 475.26 (2,1 ,0,2) (2,2) 22.2436 20.91 46.27
16 48 475.42 (3,2 ,0,3) (3,1) 20.4460 19.71 26.12
17 48 475.45 (0,1 ,0,0) (1,2) 23.7269 27.94 46.90
18 48 475.61 (4,1 ,0,4) (4,2) 1.8396 19.91 31.00
19 48 475.87 (1,2 ,0,1) (2,1) 22.7423 29.33 80.45
20 48 514.28 (1,2 ,1,0) (2,1) 39.1031 9.15 28.01
21 48 514.58 (2,1 ,1,1) (3,2) 40.1050 8.38 30.94
22 48 514.87 (3,2 ,1,2) (4,1) 41.5415 6.93 30.72
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were obtained by fitting the resonances in the photodissocia-
tion cross section with a single Lorentzian function. Since
this fit was not always perfect, because of the continuum
background and because of overlapping resonances, the re-
sulting lifetimes should be considered as estimates. Attempts
to correct for this background were not always successful. It
is interesting to observe that some of the excited state reso-
nances are probed more than once, at different frequencies
and by different transitions. See, for example, peaks 5, 7, and
12. The lifetimes ~linewidths! and peak positions of these
resonances that result from different fits show only slight
variations.
Table III lists for a given transition frequency the CO
product distribution after dissociation. The first column con-
tains again the peak labels corresponding to Table II and
Figs. 3 and 4. Column 2 shows the exact quantum numbers
(k ,J ,e) of the CO(a 3P) fragment and column 3 the corre-
sponding energies of free CO. Note that the quantum number
k51 which is found in all cases tabulated corresponds to an
approximate quantum number V50 of the CO fragment.
Column 4 gives the relative contribution of each product
according to Eq. ~23!. Percentages of 100% are found at the
lowest energies, which implies that only one channel is open
at these excitation energies. Column 5 gives the same rela-
tive contribution at the given transition frequency after the
Boltzmann averaging over the initial states, cf. Eq. ~22!.
TABLE III. CO(a 3P) fragment state distributions and deflection angles
uCO for the transitions of Table II. Columns 2 and 3 list the quantum num-
bers and energy of the emerging CO fragment, column 4 the product distri-
bution from Eq. ~23!, and column 5 the same relative contribution after
Boltzmann averaging over the initial states. The exact CO quantum number
k51 corresponds to an approximate spin–orbit quantum number V50.
Peak (k ,J ,e) ECO (cm21) % % uCO (°)
1 (1,0,1) 238.8760 100.00 96.83 0.39
2 (1,0,1) 238.8760 100.00 98.98 0.67
3 (1,0,1) 238.8760 32.42 33.53 1.00
(1,1,2) 237.5290 67.58 65.54 0.72
4 (1,1,1) 235.7900 53.29 50.70 3.31
(1,0,2) 240.6264 19.94 18.92 3.56
(1,2,2) 231.3300 15.73 15.65 3.07
5 (1,1,1) 235.7900 49.11 47.92 3.36
(1,0,2) 240.6264 18.84 18.28 3.61
(1,2,2) 231.3300 12.95 13.30 3.12
6 (1,1,1) 235.7900 41.82 41.76 3.44
(1,4,1) 27.9421 17.57 16.10 1.44
(1,0,2) 240.6264 15.44 15.48 3.68
(1,2,2) 231.3300 11.93 12.54 3.20
7 (1,1,1) 235.7900 49.01 43.74 3.36
(1,4,1) 27.9421 10.11 13.18 1.25
(1,0,2) 240.6264 18.78 16.44 3.60
(1,2,2) 231.3300 12.85 13.33 3.12
8 (1,1,1) 235.7900 41.60 39.16 3.44
(1,4,1) 27.9421 17.86 16.66 1.44
(1,0,2) 240.6264 15.29 14.31 3.68
(1,2,2) 231.3300 12.03 13.09 3.20
9 (1,1,1) 235.7900 32.60 24.03 3.54
(1,4,1) 27.9421 26.98 17.93 1.67
(1,2,2) 231.3300 11.40 16.05 3.31
10 (1,2,1) 229.6129 20.03 8.13 3.01
(1,3,1) 220.3348 10.75 7.76 2.41
(1,2,2) 231.3300 30.71 16.05 3.11
(1,3,2) 222.0206 10.85 9.97 2.53
(1,4,2) 29.5889 11.92 5.87 1.44
11 (1,1,1) 235.7900 40.45 28.89 3.44
(1,4,1) 27.9421 19.19 17.69 1.44
(1,0,2) 240.6264 14.88 9.97 3.68
(1,2,2) 231.3300 11.94 14.68 3.20
12 (1,1,1) 235.7900 47.38 33.65 3.36
(1,4,1) 27.9421 11.37 14.38 1.25
(1,0,2) 240.6264 18.28 12.32 3.61
(1,2,2) 231.3300 12.68 13.31 3.12
13 (1,1,1) 235.7900 49.77 33.08 3.31
(1,0,2) 240.6264 18.73 11.78 3.56
(1,2,2) 231.3300 15.79 14.45 3.07
14 (1,2,1) 229.6129 17.84 16.42 3.02
(1,3,1) 220.3348 11.79 11.90 2.43
(1,2,2) 231.3300 28.35 25.60 3.12
(1,3,2) 222.0206 11.29 12.95 2.55
(1,4,2) 29.5889 12.38 11.66 1.46
15 (1,2,1) 229.6129 16.75 17.12 3.10
(1,3,1) 220.3348 13.07 12.33 2.52
(1,2,2) 231.3300 26.34 26.07 3.19
(1,3,2) 222.0206 13.01 13.37 2.63
(1,4,2) 29.5889 12.98 12.52 1.61
TABLE III. ~Continued.!
Peak (k ,J ,e) ECO (cm21) % % uCO (°)
16 (1,2,1) 229.6129 16.85 18.31 3.20
(1,3,1) 220.3348 12.39 11.87 2.64
(1,2,2) 231.3300 24.51 27.38 3.29
(1,3,2) 222.0206 14.71 12.88 2.75
(1,4,2) 29.5889 14.29 12.64 1.79
17 (1,2,1) 229.6129 19.82 18.31 3.01
(1,3,1) 220.3348 10.83 11.87 2.41
(1,2,2) 231.3300 30.71 27.38 3.11
(1,3,2) 222.0206 10.97 12.88 2.53
(1,4,2) 29.5889 11.86 12.64 1.43
18 (1,2,1) 229.6129 17.18 17.98 3.32
(1,3,1) 220.3348 15.95 12.89 2.79
(1,2,2) 231.3300 18.61 25.01 3.41
(1,3,2) 222.0206 16.85 14.11 2.89
(1,4,2) 29.5889 14.47 12.86 2.00
19 (1,2,1) 229.6129 19.42 19.01 3.07
(1,3,1) 220.3348 10.83 11.14 2.48
(1,2,2) 231.3300 30.00 28.72 3.16
(1,3,2) 222.0206 12.33 12.86 2.60
(1,4,2) 29.5889 11.05 11.26 1.55
20 (1,4,1) 27.9421 13.03 9.53 4.06
(1,4,2) 29.5889 14.47 9.56 4.13
(1,5,2) 5.9799 19.29 11.92 3.41
21 (1,4,1) 27.9421 12.04 9.33 4.10
(1,4,2) 29.5889 12.75 9.23 4.17
(1,5,2) 5.9799 14.41 11.13 3.46
22 (1,4,1) 27.9421 11.61 8.57 4.16
(1,4,2) 29.5889 10.18 8.20 4.23
(1,5,2) 5.9799 11.17 9.81 3.53
147J. Chem. Phys., Vol. 119, No. 1, 1 July 2003 Singlet–triplet excitation of CO–He. II
Downloaded 30 Nov 2012 to 131.174.17.23. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions
Only contributions on the order of 10% and higher are listed.
Rotational states of CO(a 3P) with values of J up to 5 are
energetically accessible from the higher energy part of the
spectrum and such states are indeed found. The results in
columns 4 and 5 are mostly similar, but not in all cases. The
results in column 5 are observable quantities in terms of
counts measured on a detector, whereas the results in column
4 are merely of theoretical importance. It is of importance to
note in this respect that the transition listed in Table II for
each peak corresponds to the resonance that yields the most
important contribution to the spectrum at the frequency v of
the top of this peak. The relative intensity of that specific
transition can be found in the last column of Table II. Some
of the numbers in this column are comparatively small,
which demonstrates the presence of a large continuum back-
ground. Note that the sum of the numbers in column 5 of
Table III is always larger than the number in the last column
of Table II, because the same product can arise from transi-
tions other than the one indicated.
The last column of Table III gives the maximum deflec-
tion angle of the CO fragment after dissociation in a beam
experiment. After the singlet–triplet excitation of the
CO–He complex with the laser beam this complex is very
short-lived; the lifetimes are given in Table II. The excess
energy released in the complex after dissociation is shared by
the spin–orbit and rotational degrees of freedom of the CO
monomer and the relative translational motion of CO and
He. The CO monomer is not de-excited to its singlet ground
state—this is a much slower process—but to a lower spin–
orbit level of the metastable a 3P state and the amount of
energy available after dissociation is rather small ~typically
about 40 cm21). From the distributions of the CO fragment
over its spin–orbit and rotational states, with energies EkJe
given also in Table III, one knows the amount of relative
translational energy available,
T5\~v2v0!2EkJe , ~25!
where v0548 473.201 cm21 is the band origin of the
singlet–triplet transition. The maximum deflection angle oc-
curs when the fragments fly apart perpendicularly to the mo-
lecular beam direction and one finds by simple classical me-
chanics that the CO velocity equals vCO5A2mT/mCO ,
where m is the reduced mass of the complex. In the labora-
tory frame the center of mass is moving with speed v along
the beam axis which implies that the maximum deflection
angle is uCO5arctan(vCO /v). These angles are presented in
Table III for a benchmark beam velocity of v51000 m/s.
For the contributions that originate from the most intense
part of the spectrum ~the uVu51 excited levels! they are
typically ’3°. The lower part of the spectrum ~the V50
excited levels! corresponds to a much smaller deflection
angle (’0.7°) but its intensity is much lower. The best
method to detect the triplet excited CO–He species is prob-
ably by aiming for the more intense part and placing the
detector sufficiently close to the excitation region.
V. CONCLUSIONS
This paper presents a study of the spin-forbidden a 3P
←X 1S1 transition in the CO–He complex. With the use of
accurate potential energy surfaces for CO(X 1S) – He and
CO(a 3P) – He computed in Paper I we computed the bound
levels of CO(X 1S) – He and the bound and scattering states
of CO(a 3P) – He. Then, with the aid of an effective transi-
tion dipole function also from Paper I, we computed photo-
dissociation cross sections and generated a theoretical UV
spectrum. The dominant contributions to the spectrum, in the
energy range from 25 to 110 cm21 relative to the band
origin at 48 473.201 cm21, originate from resonances that
correspond to the uVu51 spin–orbit manifold of the excited
CO(a 3P) – He complex. These ~overlapping! resonances
were assigned to specific transitions between well defined
initial and final states and the lifetimes of the excited states
were determined. It turns out that the lifetime of the triplet
excited CO–He complex is limited by an efficient predisso-
ciation process in which the spin–orbit coupling energy of
the triplet CO states with uVu51 is lost by decay into the
lower triplet levels with V50 and the CO–He complex dis-
sociates. The fact that experimental attempts to detect triplet
excited CO–He were not successful until now are probably
due to this rapid dissociation. We calculated the CO product
state distributions resulting from the rapid spin–orbit predis-
sociation process and the corresponding deflection angles of
the CO fragments and suggest how the experiment can be
repeated with more chance of success.
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